ABSTRACT: There is concern about the impact of expanding coastal aquaculture activity, particularly in China, with the biggest aquaculture industry in the world. We conducted 3 cruises to the oyster, kelp and fish farms of the Xiangshan Bay during the winter−spring transition (02/2009), winter (01/2010) and spring (04/2010). Our aim was to explore the spatial heterogeneity of the phytoplankton community in different culture habitats and evaluate the effects of mariculture on phytoplankton. Different culture types formed unique small-scale habitats that exhibited various en vironmental gradients and forms of phytoplankton community patchiness. Both environmental (i.e. temperature, salinity, transparency, suspended solids, dissolved oxygen, pH, dissolved inorganic nitrogen, PO 4 -P, SiO 3 -Si, N/P, and total organic carbon) and phytoplankton (i.e. cell density, chlorophyll a, species richness, main dominant species, and community structure) parameters were significantly different among the 3 culture habitats. Canonical correspondence analysis showed that phytoplankton distribution was mainly influenced by temperature, nutrition, salinity and suspended solids. Oyster and kelp farming effectively alleviated coastal eutrophication and also increased species richness and diversity; fish farming did not. Temperature elevation caused by the thermal discharge from a power plant induced phytoplankton blooms during the winter and winter−spring transition. Nevertheless, the filtering effect of suspended oysters dramatically reduced microalgal biomass. The kelp and oyster farms were much better than the fish farm in terms of water quality, phytoplankton composition, and habitat restoration function. These results provide guidelines for future policy-making in aquaculture as well as eutrophication control and management.
INTRODUCTION
The mariculture of China has been steadily growing since the 1980s, when the transformation of traditional fishing began. This transformation has been brought about by the decline in fishery resources and capture in coastal areas. China currently has the lar gest aquaculture industry in the world, accounting for 67% of global production in terms of quantity and 49% of global value in 2006 (FAO 2009) . In 2008, the annual production estimates of shellfish, fish, crustaceans, and seaweed were 10.08, 0.75, 0.94, and 1.39 million t, respectively, with a total yield of 13.40 million t (COYBEC 2009) . Such a rapid development of mariculture provides abundant protein and contributes to the alleviation of food pressure in China caused by population increase. However, the disordered development and ex cessive ex ploitation of aquaculture also have negative environmental effects. In particular, fish and shrimp cultures require large energy inputs (Yang et al. 2004 , Dong et al. 2008 . The huge terrestrial nu trient input as well as the nitrogen (N) and phospho rus (P) discharges from intensive mariculture activities lead to eutrophication in major Chinese coastal systems (Xiao et al. 2007) , which can cause a succession of serious losses in the ecological, economic, and social benefits of coastal waters (see Bricker et al. 2008) .
Marine phytoplankton play a key role in the food web. These organisms are crucial in the cycling of substances and energy in marine ecosystems. Once phytoplankton composition and production are altered by aquaculture effects (e.g. increased nutrients and variations in nutrient ratios), the biodiversity, ecological functions and biogeochemical cycling of culture areas also change (Souchu et al. 2001 , Alongi et al. 2003 . Fish cages and shrimp ponds release abundant organic and inorganic matter (i.e. N and P from unconsumed feed and fecal material that accumulate in water and sediments) resulting in eutro phication and phytoplankton blooms (Dong et al. 2008 , Lauer et al. 2009 ). In contrast, macroalgal (seaweed) cultivation, as an environment-friendly aquaculture mode, can efficiently remove and assimilate N and P, thereby alleviating the coastal eutrophication symptoms (Fei 2004 , Neori et al. 2004 , He et al. 2008 . Consequently, macroalgae may compete with phytoplankton for inorganic nutrients and reduce the risk of algal bloom. Similarly, shellfish cultures (e.g. oyster, mussel and clam) exhibit strong top-down control of primary production by filtering large volumes of phytoplankton from the water column (Dupuy et al. 2000 , Souchu et al. 2001 , Lefebvre et al. 2009 , Grangeré et al. 2010 .
Given the significance of phytoplankton in culture regions, many researchers have recently paid attention to the effects of different culture types on marine phytoplankton. The types include fish cages (Alongi et al. 2003 , Navarro et al. 2008 , San Diego-McGlone et al. 2008 , Sidik et al. 2008 , sus pended mussels (Trottet et al. 2008a ,b, Huang et al. 2008 , and shrimp ponds (Casé et al. 2008) . However, the effects of macroalgal cultivation on phytoplankton have not yet been reported. The responses of phytoplankton assemblages to the various culture systems have also not been compared. The phytoplankton community structure and its re lationship with environmental parameters under mariculture stress has not been explored either . All these phenomena need to be given attention.
Based on China's mariculture status, 3 typically cultured species (i.e. the Chinese oyster Ostrea plicatula, the kelp Laminaria japonica, and the Japanese seaperch Lateolabrax japonicus) were chosen to represent culture of suspended bivalves, macroalgae and fishes, respectively. The distribution pattern of the phytoplankton community and its relationship with environmental factors in the 3 above-mentioned culture systems in a subtropical eutrophical bay (Xiangshan Bay) in China were studied. The physical, chemical and biological parameters of the water column were investigated during different seasons. Aquaculture in this bay has expanded in the past 3 decades, evidence of the tremendously increased scale of mariculture in China (Ning & Hu 2002 , Nobre et al. 2010 . The objectives of the present study were (1) to explore the spatial distribution pattern of the phytoplankton community and examine its relationship with environmental parameters in different culture habitats of small scale, (2) to evaluate the effects of mariculture on phytoplankton and appraise superiority among them based on biological and chemical factors, and (3) to provide constructive guidelines for future aquaculture policymaking as well as eutrophication control and management.
MATERIALS AND METHODS

Study area and sampling stations
The Xiangshan Bay (121°25' to 122°30' E, 29°25' to 29°47' N; see Fig. 1 ) is a large bay (tidal flat area: 198 km 2 ; waters area: 365 km 2 ) located in the Northern Zhejiang Province, China. This bay is long (ca. 60 km), narrow, and connected to the East China Sea, with long residence times in the inner and middle sections (about 80 and 60 d, respectively) for 90% water exchanges (Ning & Hu 2002 ). The tidal current is dominated by a reciprocating flow with a range of 2.31 m in the study area. Residual circulation is mainly controlled by the gravitational circulation that arises from surface water flowing to the sea and bottom water flowing to the end of the fiord (Dong & Su 2000a) . Around the cultivated areas, the residual currents of the surface water during winter neap and spring tide are 2.86 and 5.82 cm s −1 , respectively (Ning & Hu 2002) . Estimates of aquaculture production in the bay in 2005 to 2006 were 45 000 t shellfish yr −1 (93% of which consists of the Chinese oyster produced either on ropes or in intertidal areas), 9400 t finfish yr −1 (Nobre et al. 2010 ) and little kelp.
Three cruises were conducted to the oyster (OP), kelp (LC) and fish (FC) farms in different seasons (Fig. 1, Table 1) ; the culture acreages of these farms were about 920, 20, and 18.7 ha, respectively (You & Jiao 2011) . Kelp is a cold water species cultivated only during the winter and spring seasons in Xiangshan Bay. Therefore, the surveys for the 3 culture systems were performed only during these 2 seasons. In each cul ture area, 3 or 4 sampling stations were set at the center (0) and edge (1), as well as at 100 m (2) and 1000 m (3) m away from the edge. Generally, most of the 2 to 3 yr old oysters are harvested in winter and spring. The young and juvenile animals are cultivated the following year. Kelp is usually harvested in late April, and our investigation date (25 April 2010) for the kelp farm was coincidentally within the harvesting period. The cultured fish were usually fed on mass trash fishes and some compound feeds in the morning. The samples were collected at noon.
Environmental parameters
Surface (0.5 m depth) and bottom (0.5 m from the bottom) waters were collected at each station using a 10 l plastic bucket. Water depth, transparency, pH, temperature and salinity were monitored in situ. Water temperature and salinity were measured using a YSI model 30 salinity meter, and transparency was determined using a Secchi disc. Dissolved oxygen (DO) was measured by Winkler titrations, and pH was measured using an Orion 868 pH meter (Thermo Electron). For analysis of dissolved inorganic nitrogen (DIN: NO 3 -N + NO 2 -N + NH 3 -N), PO 4 -P, SiO 4 -Si, chlorophyll a (chl a), total organic carbon (TOC), and suspended solids (SS), 5 l water samples were kept in the dark and deep frozen before the laboratory procedures. The water samples were immediately filtered through pre-combusted (at 450°C for 4 h) 0.45 µm pore-size Whatman GF/F filters for nutrients and chl a. The nutrients were measured according to previously described colorimetric methods (Yin et al. 2001) . Chl a was fluorescently determined using a Turner Designs 10-AU fluorometer. TOC was estimated by elemental analysis (Vario MICRO Cube, elemental analyzer). For SS analysis, after the samples were filtered through preweighed filters (Whatman GF/C), the filters were dried at 105°C to a constant mass and weighed. The dry mass of the particulate materials captured on each filter was calculated by subtracting the filter mass from the dried mass.
Phytoplankton community
Surface and bottom waters (400 to 500 ml for each of the 3 samples) were poured into 500 ml bottles at each station. All samples collected were stored with 4% formalin. After sedimentation (at least 48 h), phyto plankton taxa were identified and counted on a scaled slide (0.1 ml) under 200× or 400× magnification using a light microscope (Leica DM2500). At least 300 units (individual cells or colonies) were counted for each sample. The phytoplankton abundance was expressed as ×10 4 cells l −1
. Dominance (D and Y for certain stations and investigation regions, respectively) was calculated according to the following equations: D = n i /N; Y = n i f i /N, where n i is the number (cells) of individuals of species i and N is the total number of individuals, and f i is the frequency of species i occurring in a sample. Only those species at certain stations that had a minimum of 2% contribution to the total abundance were considered to be dominants. Data analysis. The software SPSS 13.0 was used to analyse the data. Three-way (culture type, station and water layer) ANOVA was used to test for significant differences in the phytoplankton community and environmental variables. Prior to ANOVA, all vari ables were tested for normality (Kolmogorov-Smirnov test) and homogeneity (Levene test), and all were log transformed where necessary. Statistically significant differences (p < 0.05) among treatments were further assessed using the SNK test. Kruskal-Wallis (H) test was performed on data that did not satisfy the assumptions of normality and homogeneity. If a significant difference was found on performing the H-test, a multi-comparison using the Ne menyi test was performed with the self-programming mode of the SPSS software.
Non-metric multidimensional scaling (NMDS) was performed to determine spatial patterns in community structure. Species abundances were transformed to the 4th root before estimation using Bray-Curtis similarities between sample pairs. A 1-way analysis of similarity (ANOSIM) was used to test significant differences among the phytoplankton communities in the different culture systems. Otherwise, canonical correspondence analysis (CCA) was applied on log(x + 1) transformed phytoplankton abundance and environmental data (except for the pH). The purpose was to investigate the effects of environmental parameters on community structure (ter Braak & Smilauer 2002) . If D of a species was less than 0.02, the species was arbitrarily excluded from the CCA. The significance of environmental variables in explaning phytoplankton variance in a CCA was tested by Monte Carlo simulations with 499 unrestricted permutations. These analyses were performed using either CANOCO (v. 4.5) or PRIMER (v. 5.0) software packages.
RESULTS
Environmental variables
High levels of DIN (0.424 to 0.796 mg l ), and N/P (13.1 to 30.9) at oyster, kelp, and fish farms in different seasons was ob served. This finding suggested a high eutro phic level and little P limitation of culture areas in the Xiangshan Bay (Table 2 ). ANOVA and Kruskal-Wallis tests revealed significant differences among environ- Table 2 . Environmental and phytoplankton parameters (mean ± SD) from the oyster, kelp, and fish farm areas of Xiangshan Bay during the winter−spring transition, winter, and spring sampling seasons. DO: dissolved oxygen; SS: suspended solids; DIN: dissolved inorganic nitrogen; TOC: total organic carbon; Chl a: chlorophyll a; S: species richness. Different superscripted letters indicate significant differences at p < 0.05. See Table 1 for sampling dates mental parameters (i.e. salinity, DO, pH, SiO 3 -Si, PO 4 -P, DIN, and N/P) in the cult ure systems during all seasons. The levels of SiO 3 -Si, DIN, and N/P at the fish farm were higher than those at the oyster and kelp farms in winter and the winter− spring transition, but lower in spring. For the oyster farm ( Fig. 2) , the levels of surface DIN, TOC, and SS were higher outside than inside the farm; the bottom DIN values were higher than the surface ones; the levels of PO 4 -P and NH 3 -N at different stations had no specific trends. For the kelp farm ( Fig. 2) , both the surface and bottom levels of DIN, PO 4 -P, and SS were generally lower inside than outside; surface NH 3 -N and TOC were higher inside than outside. For the fish farm in winter and winter− spring transition ( Fig. 2) , both surface and bottom levels of DIN, NH 3 -N, PO 4 -P, and TOC were a little higher inside than outside; in spring, the values were much higher inside than outside.
Abundance and chl a
The phytoplankton abundance at the kelp farm (9.06, 2.24, and 1.72 × 10 4 cells l ) in winter-spring, winter, and spring, re spectively, ( Table 2 ). The cult ure type had a highly significant (p < 0.001) influence on phytoplankton ab undance in all seasons. The station and water layer had significant (p < 0.05) in fluences in winter and spring, but no impact in winter-spring (Table 3 ). There were highly significant differences between sampling stations at both oyster and kelp farms. Both the surface and bottom phytoplankton cell numbers inside (OP0 and OP1) the oyster farm were significantly (p < 0.05) lower than outside (OP3) during all survey seasons (Fig. 3) . Similar results were found for chl a (Fig. 2) . The surface and bottom abundances at LC0 were significantly (p < 0.05) higher than LC3 in winter and spring. Never theless, the sur face cell density results in winter−spring were contradictory, and chl a inside the kelp farm was higher than outside. The surface and bottom phytoplankton cell numbers inside (FC0 and FC1) the fish farm were significantly (p < 0.05) lower than outside (FC3) in winter, but samples taken during other seasons showed no remarkable differences. Chl a at other stations also showed no difference.
Species richness (S)
Phytoplankton S was significantly (p < 0.05) affected by the culture type and station in all survey seasons, but not by the water layer in winter and spring (Table 3) . Phytoplankton S at the oyster (35.8, 27.9, and 22.0) and kelp (64.9, 27.6, and 23.2) farms was significantly higher than at the fish farm (22.5, 22.2, and 18.1) in winter− spring, winter and spring, respectively. Both the surface and bottom S inside the oyster and kelp farms were much higher than that outside during all survey seasons (Fig. 4) . S inside and outside the fish farm showed no obvious difference. Table 4 reveals an obvious discrepancy among the phytoplankton dominant species compositions (or dominances) of the 3 culture areas in all survey seasons. For instance, during the winter−spring transition, Skeletonema costatum (0.540) was clearly the dominant species at the oyster farm, followed by Rhizo so lenia delicatula (0.128). The kelp farm was dominated by S. costatum (0.165) followed by Thalassiosira sp. 1 (0.146). Prorocentrum minimum (0.340) was clearly the dominant species at the fish farm, followed by R. delicatula (0.158) and Thalassio sira sp. 1 (0.135). Fig. 5 shows little difference among the dominant phytoplankton at the stations and in water layers. The dominance of Skeletonema cost a tum (45.6 to 60.1%) inside the culture area was a little lower than outside. The opposite was true for Pro ro centrum minimum and Thalassiosira sp. 1. In winter, the dominance of P. minimum was higher outside than inside the oyster farm; the opposite was true for Navi cula co rym bosa. In spring, the dominance of Me lo sira sp. outside the farm was higher than inside; the opposite was true for Thalassiosira sp. 1. There were significant domi nant gradation differences am ong the different stations and water layers at the kelp (Fig. 6 ). For example, during the winter− spring transition, the dominances of S. costatum in surface water at Stns LC0 (35.9 ± 5.4%, mean ± SD) and LC1 (28.9 ± 4.4%) were significantly (p < 0.001) higher than at Stns LC2 (11.1 ± 5.0%) and LC3 (10.3 ± 4.0%). In contrast, the dominances of Thalassiosira sp. 1 shown in Fig. 7 revealed no conspicuous variance am ong the different stations and water layers.
Dominant species
Cluster analysis
Both NMDS and cluster analysis showed that the phytoplankton community in culture areas could be generally classified into 3 groups according to culture systems (Figs. 8 & 9) . The 3 culture systems were relatively different from each other (see the results of ANOSIM in Table 5 ).
Canonical correspondence analysis
The CCA showed higher p-values for axis 1 and all canonical axes in all Table 4 . Dominant (≥0.02) phytoplankton species at the oyster, kelp, and fish farms of Xiangshan Bay in different seasons the seasons, based on the Monte Carlo test (Table 6) . Hence, the ordination results were credible. The 9 environmental variables in the CCA explained 62.5, 64.1 and 64.9% of total variation in the phytoplankton community during the winter-spring transition, winter and spring, respectively. All species−environment correlations were > 0.83 for Axes 1 and 2, indicating a significant (p < 0.05) relationship between each of the environmental variable and the dominant phytoplankton. Temperature, nutrients (DIN, SiO 3 -Si, PO 4 -P, and N/P), salinity, and SS were the main variables that affected phytoplankton community distribution as a whole (Fig. 9) , although small differences exist ed in different sampling periods.
Five main groups of species were distinguished according to the ordination result (Fig. 10) Table 4 the genus Coscinodiscus), dinoflagellates (e.g. Scrippsiella trochoidea and the genus Prorocentrum), and Chlorophyceae (Pyra mi do monas sp.) which prefer high DIN, SiO 3 -Si, and N/P; Group V: relative eurythermal and euryhaline planktonic species (near the centre of the ordination) that were more tolerant to environmental stress, such as Ditylum bright wellii, Nitzschia longissima, and the genus Thalassiosira.
DISCUSSION
Phytoplankton and environmental parameters at the oyster farm
The oyster farm was located near the outfall of the Ninghai Power Plant (operating since December 2005, Fig. 1 ). This farm was surrounded by water with 1°C temperature ele vation caused by the large thermal discharges (82.5 m 3 s −1
). Given the long residence time (80 d) in the inner bay for 90% water exchange, thermal effluents re mained in the oyster farm for a relatively long time. The field temperature in winter (9.9°C) and winter− spring transition (11.5°C) were close to the optimal growth temperature of dominant species Skeletonema costatum (17 to 25°C; Yan et al. 2002) and Prorocentrum minimum (18 to 26.5°C; Grzebyk & Berland 1996 Fig. 8 . Non-metric multidimensional scaling (NMDS) of species abundance data collected from surface (S) and bottom (B) waters at the oyster (OP), kelp (LC), and fish (FC) farm stations during the winter−spring transition, winter, and spring. See ) of 2010 at this farm (Table 2) . These values were much higher than those of the same seasons in 2000 (0.22 and 0.77 × 10 4 cells l −1 , respectively; Ning & Hu 2002). Overall, P was limiting in the inner Xiangshan Bay, but the PO 4 -P concentration at the oyster farm was relatively higher than in the other culture areas. This area had favorable conditions of temperature elevation, good light permeation, and flow velocity reduction (due to oysters attaching to racks and ropes). Hence, phytoplankton species (e.g. S. costatum, Thalassiosira spp., Rhizosolenia delicatula, and P. minimum) consumed mass nutrients to promptly reproduce and formed blooms in winter and the winter− spring transition (81.60 × 10 4 cells l −1
). Consequently, DIN and SiO 3 -Si decreased and DO in creased (Table 2) .
Phytoplankton S was remarkably higher inside the farm than outside (Fig. 4) , whereas the cell number and chl a inside were lower than outside (Figs. 2 & 3) .
These results revealed that oyster farming reduced cell numbers by filtering microalgae (top-down control), which is supported by many previous reports (Dupuy et al. 2000 , Souchu et al. 2001 , Grangeré et al. 2010 . Large numbers of epibiotic microalgal taxa were found. These taxa elevated the species richness and diversity, although their abundances were very low. The water temperature (9.9 to 15.2°C) from winter to spring was also too low for oyster growth, resulting in a lower energy budget for oysters (Mao et al. 2006 ) and decreased phytoplankton consumption. In the summer, the cultured oysters and biofouling assemblages that attach to the rafts and longlines filter large volumes of microalgae from the water column, due to their highest levels of metabolism and growth rates (Mazouni et al. 2001 , Mao et al. 2006 ).
Phytoplankton and environmental parameters at the kelp farm
The levels of DIN and PO 4 -P inside the kelp area were slightly lower than those outside. This finding may be related to the small size of the farm and the high level of nutrients in background waters. Except for surface abundance in the winter− spring transition, the cell number inside the kelp farm was significantly higher than outside (Fig. 3) . The nitrogen storage and nitrogen-dependent growth rates of micro-and macro algae indicate that microalgae would be superior under high nutrient availability, whereas the slowgrowing macroalgae would be superior under low nutrient availability (Pedersen & Borum 1996) . In the present study, under high nutrient availability (Table 2) , phytoplankton growth was not suppressed by macroalgae in winter and spring, in accordance with the above-mentioned deduction. Tro phic competition and allelopathic effects between microalgae and kelp were also not severe. An et al. (2008) have reported the possible existence of allelo pathic effects between kelp and micro algae, given that phytoplankton growth is inhibited during the winter−spring transition. Kelp and other macroalgae can release allelopathic substances to inhibit microalgal growth and even cause mortal- ity, although macro algae have dif ferent in hibiting effects on different microalgae (Wang et al. 2007 ). Therefore, the allelopathic effects between microand macro-algae require further scrutiny. There were many epiphytic microalgal taxa (e.g. the genera Diploners, Gyrosigma, Licmophora, Navicula, Nitzschia, Pleurosigma, and Synedra) attached to kelp thalli, which accounted for increased S inside the kelpfarm (Fig. 4 ). There were significant differences among dominances at different stations. For example, the dominance of Skeletonema costatum inside the kelp farm was significantly higher than that outside during the winter−spring transition. There are 2 possible reasons for this. First, there were microalgal species differences in the allelopathic effects of kelp, and S. costatum may be more tolerant to this stress than other species. Second, under flow velocity reduction caused by cultured kelp, the chain length of S. costatum inside the farm becomes longer than that outside. Therefore, decreased sinking rates likely help the diatom to remain suspended in the upper part of the water column (Takabayashi et al. 2006) , although this requires further confirmation.
Phytoplankton and environmental parameters at the fish farm
Little feeding and low excretion rates have been observed in a Japanese seaperch farm during winter and the winter−spring transition (Ning & Hu 2002) , because the low temperature negatively affects fish growth. In the present study, with the relatively quick dilution and extremely high concentration of nutrients in background waters, the nutrient concentrations (DIN, NH 3 -N, PO 4 -P and TOC) inside the farm were a little higher than outside at these times (Fig. 2) . However, with increased temperature in spring, feeding and excretion increased. Consequently, the levels of nutrients and organic matter inside the farm became much higher than outside. In the central cultivating area, NH 3 -N was twice as high as at the station 1000 m away from the edge. The nutrients that were discharged from feeding and remained as organic particles (mostly from unconsumed feed and fecal material) accumulated in the sediments (Dong et al. 2008 , Lauer et al. 2009 ), as evidenced by the high concentrations of sediment TN, TP and TOC at sampling stations (authors unpubl. data). With the increased temperature in spring, more nitrogen was discharged from sediments, causing the levels of NH 3 -N and DIN in bottom water inside the farm to become significantly higher than outside. These data indicate that (as well as terrestrial load) the fish farm was a source of N, P, and organic carbon. Nobre et al. (2010) estimated nutrient loads from catchments to be about 4015 t yr −1 of DIN and 730 t yr −1 of P. About 2534 t yr −1 of DIN and 1039 t yr −1 of P came from fish cages. Therefore, the high level of eutrophication mainly resulted from catchment input and excessive aquaculture activities. However, the levels of DIN (0.596 mg l The phytoplankton cell number inside the fish farm was significantly lower than outside in winter, but samples from other seasons showed no remarkable differences. This result supports those of previous studies that have failed to establish a clear relationship between fish farm inputs and phyto plankton bio mass (Alongi et al. 2003 , Navarro et al. 2008 , Sidik et al. 2008 . Microalgal (especially dia toms) growth in the fish farm was inhibited by the extreme P limitation in winter (N/P = 30.9) and in the winter−spring transition (N/P = 30.4), resulting in the low phytoplankton abundance and high dominances (0.111 and 0.340, respectively) of Prorocentrum minimum. Dinoflagellate species have been re ported to cause a harmful bloom and low diatom/ dinoflagellate ratio in a fish farm in Cape Bolinao, Philippines (San DiegoMcGlone et al. 2008 ). There were negligible differences in abundances, dominant species and S at different stations in the fish farm in the present study, possibly due to the negligible spatial heterogeneity of environmental parameters (Fig. 2) . Red tide outbreaks of several species (mostly diatoms), such as Skeletonema costatum, Chaetoceros socialis, Paralia sulcata and Pro ro centrum donghaiense, have previously occurred in the study area (You & Jiao 2011) . No report of a P. minimum red tide has been recorded so far, but its possibility should not be ignored because it is toxic to fish and other animals.
Relationship between phytoplankton communities and environmental factors
Samples were collected from 3 culture systems on different days during the cruise. Nevertheless, the results of our investigation of culture types are credible and comparable because the influence of sampling time differences can be ignored. The water exchange rate is low in the bay, with a long residence time in the inner and middle sections of about 80 and 60 d, respectively, for 90% water ex changes. The hydrologic regime is dominated by reciprocating fluid. Hence, water mixing is not apparent (Dong & Su 2000b ) and the water body is stable within a relatively short sampling period.
In the present study, different culture types formed different small-scale habitats, exhibiting various environmental gradients and forms of phytoplankton community patchiness. Despite the ANOSIM showing significant differences among the culture systems (Table 5) , the phytoplankton communities at the oyster and kelp farms were relatively similar during winter and the winter−spring transition (Figs. 8 & 9) . The similarity can be attributed to the co-dominant species and homologous epibiotic microalgal species at both farms. The dominant phytoplankton species were divided into 5 main groups along with environmental gradations by CCA ordination (Fig. 10) . The CCA perfectly exhibited the spatial distribution of dominant phytoplankton taxa and the environmental variables.
Temperature and nutrition were the most important variables that affected the phytoplankton communities, according to the CCA results (Fig. 9) . The temperature elevation caused by thermal discharges from the power plant apparently triggered the blooms of Thalassiosira sp. 1 and Prorocentrum minimum in winter and Skeletonema costatum in the winter−spring transition. In fact, before the power plant was constructed, microalgal blooms usually occurred during late spring (May) or early summer (June) in the Xiangshan Bay. However, since the power plant became operational in December 2005, red tide outbreaks have occurred in January 2006 and 2009. This change indicates that a moderate temperature increase distinctly promotes phyto-plankton growth, based on the results of laboratory experiments (Liao et al. 2008) and field surveys in the present study. Compared with historical data, nutrient levels and proportions in (or near) the culture area of Xiangshan Bay have changed remarkably (Table 7) . This change has also led to a variation in microalgal community composition under the abovementioned thermal stress, as evidenced by phytoplankton taxa being co-dominated by diatoms and dinoflagellates from winter to spring. These results are not consistent with earlier ones (prior to operation of the power plant), wherein only diatoms dominated (Table 8 ).
Evaluation and suggestions for the 3 cultivation types
Oyster cultures have been proposed as ecological restoration tools for the top-down control of phytoplankton blooms and for reversing eutrophication in coastal waters (Newell 2004 , Coen et al. 2007 , although their ecosystem service functions are currently controversial (Pome roy et al. 2006 , Fulford et al. 2007 , Brigolin et al. 2009 ). Oysters and their biofouling assemblages (e.g. ascidians, bryozoans, sponges, poly chaetes and macroalgae; Mazouni et al. 2001) indirectly or directly remove nutrients by filtering phytoplankton and other microbial particles. Cumulated faeces and pseudo-faeces on the sea-bed are released into the water column under suitable conditions, even though the harvest represents a net removal of N and P from the ecosystem (Brigolin et al. 2009 ). Nevertheless, as an important habitat rest oration technique, oyster farms and created oyster reefs have been widely adopted (Rodney & Paynter 2006 , Taylor & Bushek 2008 , Quan et al. 2009 ). These structures are recognized as key marine habitats that have numerous economic and ecological benefits. Such benefits include commercial fisheries (Peterson et al. 2003) , water quality purification (Newell 2004) , biodiversity conservation (Thomsen et al. 2007) , benthic fauna and reef fish habitat provision (Rodney & Paynter 2006 , Tallman & Forrester 2007 , Quan et al. 2009 ), as well as the functions of benthic-pelagic coupling and biogeochemistry circulation (Dupuy et al. 2000 , Newell 2004 . Oyster carapace growth by mass organic carbon consumption from the seawater via calcification is also considered as one method of carbon sink formation (Hung & Kuo 2002 , Tang et al. 2011 . Therefore, we support oyster culture in coastal waters. However, the culture location must be adjusted temporally according to the biota and de posited organic matter to maximise the ecological and economic benefits. Nobre et al. (2010) have predicted that shellfish (93% oyster) production in the inner section of the Xiangshan Bay will gener- Table 8 . Comparison of phytoplankton dominant species at (or near) the present study survey areas in winter and spring during different years · ally decrease by 10 to 28%. This prediction is based on the fact that shellfish growth is sustained by the substances to be reduced for the improvement of water quality. Therefore, it is advisable to reallocate part of the oyster culture towards the mouth of the embayment. Many researchers believe that large-scale seaweed cultivation, which is economically and ecologically sustainability, is a good solution to the eutrophication problem in coastal waters (Fei 2004 , Neori et al. 2004 , Yang et al. 2004 , He et al. 2008 . Macro algal remediation not only plays a key role in the sustainable expansion of aquacluture, but also alleviates pollution and takes up a significant volume of coastal carbon. These processes effectively eliminate the nutrient load and perennially control coastal eutro phication. As sources of human food, medicaments, light industrial products and marine faunal feed, seaweeds usually have high economic value. Seaweeds also fully consume dissolved nutrients in culture waste water and yield a high value product. The unit culture system output, culture animal quality and production, as well as cost reduction improved (Neori et al. 2004 ). In addition, seaweeds are important com p onents of habitats of marine biota because they increase the spatial heterogeneity and biodiversity by altering local hydrodynamic regimes (e.g. turbidity, flow velocity, sediment transmission, and resuspension reduction). Therefore, the cultivation of seaweeds (such as Gracilaria lemaneiformis, which is more tolerant to high temperature) in warm seasons, and kelp (or Porphyra haitanensis) in cold seasons should be strongly recommended in eutrophic areas.
The negative effects of the fish farm on the environment are the highest among the culture systems, but its economic benefit may also be the highest. Low feeding efficiency caused by high culture density and feeding quantity (intensive cage farming) usually leads to the mass loss of nutrients (Islam 2005) . The level of nutrient loadings would be several orders of magnitude higher in the areas where live feed (e.g. trash fish) is used. N and P from fish cages (61% of food waste) are the major contributors of eutrophication (nutrients) in Xiangshan Bay, based on multilayered ecosystem models (Nobre et al. 2010) . These discharged nutrients lead to oxygen de pletion, water deterioration, and eutrophication ag gravation of aquacultural regions as well as their adjacent waters (Alongi et al. 2003 ). This fact is especially true in weak water-exchange semi-closed fiords with high culture density, wherein net culture is prone to inducing red tides (David et al. 2009 ). Unfortunately, fish cages in China are mostly located in semi-closed bays, and the fish are usually fed with excessive amounts of fresh trash fish and formulated diets for high yield. Such a practice results in high accumulation of organic matter in the sediment, including unconsumed feedstuff, dejecta and faeces. The deposited N, P, and organic matter are also re leased into the bottom and surface water under certain conditions (Dong et al. 2008 , Lauer et al. 2009 ), thereby causing re-pollution and eutrophic process aggravation. In the present study, the enrichment of organic matter in the sediment was found to be accompanied by a strong feculent odour and deep anoxic layer at the fish cage, as has also been previously reported (Hu et al. 2001 , Ning & Hu 2002 , Holmer & Heilskov 2008 . From the perspective of eutrophication control, nutrient loads from cages, which remain in high proportion and long-term lag phase in the Xiangshan Bay, need to be managed and reduced. However, if the fish farm is settled on the open, deep sea area with a strong hydrodynamic regime, the negative effects on the environment are negligible (Vezzulli et al. 2008) . Therefore, we suggest that an offshore site is a better location for cages. Alternatively, a macroalgal polyculture can be adopted at the fish farm to assimilate excessive N and P.
CONCLUSIONS
Different culture types formed different small-scale habitats, exhibiting various environmental gradients and forms of phytoplankton community patchiness. The environmental and phytoplankton variables were found to be significantly different among 3 culture habitats. The distribution of the phytoplankton community was mainly influenced by temperature, nutrients (DIN, SiO 3 -Si, PO 4 -P, and N/P), salinity, and SS. The oyster and kelp farms effectively alleviated coastal eutrophication and increased phytoplankton species richness and diversity. The fish farm did not. Microalgal abundance drastically decreased in all survey seasons at the oyster farm, but not at the kelp and fish farms. Although the temperature elevation caused by thermal discharge from a power plant induced blooms in winter and the winter−spring transition, suspended oysters effectively filtered and reduced phytoplankton biomass under the disadvantageous conditions of low-level metabolism and growth rate. Thermal effects should not be ignored or underestimated. Considering the recent construction of more power plants in Chinese bays where mariculture is established, great efforts should be invested into the study of the phytoplankton responses to cul-ture eutrophication under thermal stress. In terms of water quality, phytoplankton variables and habitat restoration functions, the kelp and oyster farms were much better than the fish farm. The kelp and oyster farms also had no extrinsic energy input or infliction, but exhibited a large net export of nutrients and organic matter. Through the mariculture of shellfish and seaweeds, about 3.79 ± 0.37 Mt C yr −1 are consumed, and 1.20 ± 0.11 Mt C yr −1 are removed from coastal waters by harvesting (1999 to 2008) (Tang et al. 2011) . Therefore, we propose the development of these 2 low-carbon and environmentally friendly culture systems in coastal eutrophic waters. However, due to the huge demand for food supplies, fish farming should not be totally rejected in spite of its negative effects on the coastal environment (especially in sheltered bays). Fish must be farmed offshore where the water is deep and hydrodynamics are strong. A macroalgal polyculture could also be adopted at fish farms to absorb excessive N and P. 
